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This contribution presents measurement results (Doppler spread, power delay profile, delay-Doppler profile, etc.) from different channel sounding measurement campaigns for high-speed train, vehicular highway and vehicular urban scenarios in Germany, and related necessary CSI enhancements for Rel. 17. The measurements were performed at different carrier frequencies  at FR1. Table 1 provides a short description of the different measurement scenarios and measurement setups. 
Table 1: Measurement scenario and description
	Measurement scenario
	Description

	1. High-speed train scenario
	· The receiver (train) was moved with around 100 km/h to 130 km/h along a railway track.
· The transmitter (base station) was placed near the railway track.
· Center frequency GHz, bandwidth of 120 MHz.

	2. V2X highway scenario  

	· The receiver (car) was moved on a highway with around 100 km/h.
· The transmitter (base station) was placed near the highway.
· Center frequency GHz, bandwidth of 20 MHz.

	3. V2V (sidelink) highway scenario 
	· The receiver (first car) was moved on a highway with around 100 km/h.
· The transmitter (second car) was moved on the highway in the same direction than the receiver with around 100 km/h (relative speed between the two cars was less than 10 km/h).
· Center frequency GHz, bandwidth of 20 MHz.

	4. V2X urban scenario 1

	· The receiver (car) was moved tangential to the transmitter with around 20 km/h in an urban environment.
· The transmitter (base station) was placed 500 m to 600 m away from the receiver.
· Center frequency GHz, bandwidth of 100 MHz.

	5. V2X urban scenario 2

	· The receiver (car) was moved towards the transmitter at a constant speed of around 20 km/h in an urban environment.
· The transmitter (base station) was placed 500 m to 600 m away from the receiver.
· Center frequency GHz, bandwidth of 100 MHz.



The measurements and analysis of the two V2X urban scenarios 1&2 were performed together with Deutsche Telekom.  
Measurement scenarios and analysis
1.1 High-speed train scenario
Figure 1 shows a snapshot of the railway track of the high-speed train scenario. The length of the track was about 1.8 km. During the measurements, the high-speed train “InterCity Express (ICE)” was moved with around 100 km/h to 130 km/h along the railway track. The train was equipped with an outdoor sencity railway rooftop antenna from Huber+Suhner [1] which was used for the measurements. The base station was placed in a distance of 25 meters to the railway track and equipped with an 8-element dual-polarized antenna array.
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	Figure 1: Measurement track and position of base station.
	Figure 2: Doppler power spectrum [dB] over measurement time.



Figure 2 shows the Doppler power spectrum over the measurement time duration of 60 sec. Within the measurement time duration the train passed the base station such that the mean Doppler frequency changes from around -450 Hz to 400 Hz. It can be observed that the energy is largely spread over several Doppler frequencies indicating that the Doppler power spectrum is characterized by a Doppler spread and a Doppler shift. For the given scenario, the Doppler spread is around 150 Hz. 
Observation 1: For the measured high-speed train scenario, the Doppler power spectrum is characterized by a Doppler spread and a Doppler shift. 
The Doppler spread indicates how fast the fading of the channel changes over time and it is inversely proportional to the channel coherence time that is a measure of the time duration over which the channel remains unchanged. The coherence time for the considered train scenario is around 3 ms. Note that the Doppler spread will further increase significantly when the train moves with a velocity higher than 100 km/h used for the measurements. The coherence time will then be reduced accordingly. Hence, the larger the Doppler spread of the channel the larger the power variations of the channel coefficients over time. 
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	Figure 3: Power spectrum [dB] over a measurement time duration of 6 ms.
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	Figure 4: Influence of Doppler spread on power variation of the frequency domain channel coefficients per subband over different time durations T. 


Figure 3 shows the power spectrum of the measured frequency domain channel coefficients over a time duration of 6 ms. As seen from the figure, the power variations over frequency and time can be significant. Figure 4 shows the corresponding CDF of the maximum power variation for different time durations. For the analysis, the measured frequency domain channel responses were segmented into  non-overlapped segments, where  denotes the time duration per segment. In each segment the maximum power variation of the measured frequency domain channel coefficients was calculated per subband. As seen in the figure, for the time durations of 6 ms and 25 ms there are variations of 4 dB and 6.5 dB at the 50th percentile, respectively. In order to cope with these large power variations, the network has to frequently trigger/update CSI (PMI and/or CQI) measurements/reports for the link adaption. Obviously, such higher CSI trigger/update rate comes at a cost of high UE battery consumption and increased use of DL and UL resources. Moreover, when the trigger/update rate of the CSI measurements is not sufficiently large with respect to the channel variations rate, a large performance loss will be observed. 
	[image: ]

	Figure 5: Power delay profile [dB] over a measurement time of 25 sec.


Figure 5 shows the power delay profile of the measured channel over the measurement time. It can be observed that the measured channel is characterized by significant multipath propagation along the track which causes the power variations of the channel coefficients over time and frequency.  

To characterize the variation of the channel coefficients in time and frequency, Figure 6 shows the power spectrum over time, the power delay profile over time and the delay-Doppler spectrum over  ms at measurement times , where  ms,  ms,  ms, and  ms, where  sec. For the considered measurement times, the train was close to the base station. As observed in the figure, when considering the power spectrum over time and the power delay profile over time, there is a large power variation of the channel coefficients in both time and frequency over the considered time duration of 18 ms. In contrast, we see that the delay-Doppler power spectrum remains almost constant for the considered measurement times. Moreover, it can be observed that the delay-Doppler power spectrum is sparse since the power of the channel coefficients is concentrated to few Doppler frequencies and delays. The delay-Doppler spectrum is used to characterize the channel coefficients and their variations over the so-called “channel stationarity time”, which is defined as the time over which the channel statistics remain identical, large-scale parameters such as path loss and shadow fading do not change, and the channel variations are only related to small-scale fading. As shown in [2] for a UE mobility measurement scenario, the stationarity time of the channel is significantly larger than the coherence time. For the considered example, when the CSI report contains information on the delay and Doppler components of the channel, the CSI update interval increases from 2-3 ms to 24 ms and a large CSI feedback compression is achieved.
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	Power spectrum [dB] at different measurement times.
	Power delay profile [dB] at different measurement times. 
	Delay-Doppler spectrum [dB] at different measurement times.

	Figure 6: High speed train scenario with average speed of approx. 110 km/h, center frequency 5.2 GHz, power spectrum [dB] (left), the power delay profile [dB] (middle), and delay-Doppler spectrum [dB] (right) over 24 ms at measurement times ,   990 s,  ms.



1.2 V2X highway scenario
Figure 7 (left) shows the highway track, the position of the transmitter (fixed) and the movement of the receiver on the highway. The receiver (car) was moved at a speed of 100 to 110 km/h. The measurements were performed at a center frequency of GHz with a bandwidth of 20 MHz. Figure 7 (right) shows the Doppler power spectrum over the measurement time duration. 
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	Figure 7: Measurement scenario, Tx position and Rx movement (left), and Doppler power spectrum [dB] over measurement time (right).


Figure 8 shows the power spectrum over time, the power delay profile over time and the delay-Doppler spectrum for the V2X highway scenario over 24 ms at measurement times , where  ms,  ms,  ms, and  ms, where  sec. Similar to Figure 6, it can be observed that there is a large variation of the channel coefficients in both time and frequency over the considered time duration of 24 ms. In contrast to the power spectrum and delay power profile, the delay-Doppler power spectrum is sparse and remains almost identical for the whole  duration of 24 ms. 
	


	[image: ]
	[image: ]
	[image: ]

	Power spectrum [dB] at different measurement times.
	Power delay profile [dB] at different measurement times. 
	Delay-Doppler spectrum [dB] at different measurement times.

	
Figure 8: V2X highway scenario, average speed of approx. 105 km/h, center frequency 2.53 GHz, power spectrum [dB] (left), power delay profile [dB] (middle), and delay-Doppler spectrum [dB] (right) over 24 ms at measurement times ,   28 s,  ms.



1.3 V2V (sidelink) highway scenario
Figure 9 (left) shows the highway track, the movement of the transmitter and the receiver on the highway. The receiver (first car) was moved at a speed of 100 to 110 km/h. The transmitter (second car) was moved at a speed of 100 to 110 km/h in the same direction as the first car. The measurements were performed at a center frequency of GHz with a bandwidth of 20 MHz. Figure 9 (right) shows the Doppler power spectrum over the measurement time duration. 
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	Figure 9: Measurement scenario, Tx and Rx movements (left), and Doppler power spectrum [dB] over measurement time (right).


Figure 10 shows the power spectrum over time, the power delay profile over time and the delay-Doppler spectrum for the V2X highway scenario over 24 ms at measurement times , where  ms,  ms,  ms, and  ms, where  sec. The delay-Doppler power spectrum remains almost identical for the time duration of 24 ms.
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	Power spectrum [dB] at different measurement times.
	Power delay profile [dB] at different measurement times. 
	Delay-Doppler spectrum [dB] at different measurement times.

	
Figure 10: V2V (sidelink) highway scenario, average speed of approx. 105 km/h of both cars, center frequency 2.53 GHz, power spectrum [dB] (left), power delay profile [dB] (middle), and delay-Doppler spectrum [dB] (right) over 24 ms at measurement times ,   34 s,  ms.



1.4 V2X urban scenario 1
Figure 11 (left) shows the urban scenario, the position of the fixed transmitter (base station) and the movement of the receiver. The receiver (car) was moved tangential to the transmitter with around 20 km/h. The measurements were performed at a center frequency of GHz with a bandwidth of 100 MHz. Figure 11 (right) shows the Doppler power spectrum over the measurement time duration. 
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	Figure 11: Measurement scenario, Tx position and Rx movement (left), and Doppler power spectrum [dB] over measurement time (right).



Figure 12 shows the power spectrum over time, the power delay profile over time and the delay-Doppler spectrum for the V2X urban scenario over 104 ms at measurement times , where  ms,  ms,  ms, and  ms, where  sec. It can be observed that the delay-Doppler power spectrum remains almost identical for the time duration of 104 ms whereas the coefficients over time of the power delay profile (Rel. 16) change drastically even in 26 ms, or the frequency spectrum over time (Rel. 15) in less than 26 ms. 
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	Power spectrum [dB] at different measurement times.
	Power delay profile [dB] at different measurement times. 
	Delay-Doppler spectrum [dB] at different measurement times.

	
Figure 12: V2X urban scenario, average speed of approx. 20 km/h, center frequency 3.75 GHz, power spectrum [dB] (left), power delay profile [dB] (middle), and delay-Doppler spectrum [dB] (right) over 104 ms at measurement times ,   63 s, ms.



1.5 V2X urban scenario 2
Figure 13 (left) shows the urban scenario, the position of the fixed transmitter (base station) and the movement of the receiver. The receiver (car) was moved towards the transmitter at a constant speed of around 20 km/h. The measurements were performed at a center frequency of  GHz with a bandwidth of 100 MHz. Figure 13 (right) shows the Doppler power spectrum over the measurement time duration. 
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	Figure 13: Measurement scenario, Tx position and Rx movement (left), and Doppler power spectrum [dB] over measurement time (right).


Figure 14 shows the power spectrum over time, the power delay profile over time and the delay-Doppler spectrum for the V2X urban scenario over 104 ms at measurement times , where  ms,  ms,  ms, and  ms, where  sec. It can be observed that the delay-Doppler power spectrum remains almost identical for the time duration of 104 ms, whereas the coefficients over time of the power delay profile (Rel. 16) change drastically even in 26 ms, or the frequency spectrum over time (Rel. 15) in less than 26 ms.
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	Power spectrum [dB] at different measurement times.
	Power delay profile [dB] at different measurement times. 
	Delay-Doppler spectrum [dB] at different measurement times.

	Figure 14: V2X urban scenario, average speed of approx. 20 km/h, center frequency 3.75 GHz, power spectrum [dB] (left), power delay profile [dB] (middle), and delay-Doppler spectrum [dB] (right) over 104 ms at measurement times ,   30 s, ms.


Enhancement on CSI reporting
As shown in the above figures for different scenarios, the delay-Doppler power spectrum remains almost constant over a large time duration (the so-called “channel stationarity time”). As the stationarity time of the channel is significantly larger than the coherence time, a CSI compression in time is achieved when the CSI report contains information on the delay and Doppler components of the channel. The Doppler spectrum-related information can be calculated from a burst of CSI-RS (see Fig. 15) and can be represented in the form of a precoding matrix (PMI) in the CSI report. The PMI can be used at the base station for precoding in time domain to overcome the effects of channel aging. In contrast to the current coherence-time-based CSI reporting in NR Rel. 16, where PMI/CQI measurement and CSI report is required for each channel realization/matrix, for the stationarity-time-based CSI reporting, the UE calculates and reports only a single PMI/CQI value for all channel realization/matrices within the stationarity time. Again, as shown in [2] for the above UE mobility measurement scenarios, the stationarity time of the channel is significantly larger than the coherence time. Consequently, the stationarity-based CSI reporting drastically reduces the UE complexity for CSI measurements and reporting in UE mobility scenarios (i.e., vehicular/train scenarios for low and high speeds). Moreover, due to reduced CSI feedback rate/update interval, less DL and UL resources are required for CSI measurements and reporting.

In general it can be observed that the improvement is not only relevant at high speeds also at relatively low speeds (e.g. 20 km/h) and multipath rich environments.

Observation 1: When the CSI report contains information of Doppler components of the channel, 
· CSI (CQI and/or PMI) update rate can be reduced drastically,
· Less DL resources are required for CSI measurements,
· Less UL resources are required for CSI reporting,
· UE complexity and UE battery consumption is reduced, and
· Better performance is expected even if channel variations are fast.

Proposal 1: Identify and specify CSI enhancements based on Doppler compression for UE mobility (e.g. V2X and train) for moderate and high speed scenarios.
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	(a) CSI-RS density and CSI feedback rate of current NR systems based on channel coherence time. 
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	(b) CSI-RS burst and CSI feedback rate based on channel stationarity time.

	Figure 15: CSI-RS density and CSI feedback rate based on channel coherence time (a) and channel stationarity time (b).








Conclusion
Based on the discussion, we observe and propose
Observation 1: When the CSI report contains information of Doppler components of the channel, 
· CSI (CQI and/or PMI) update rate can be reduced drastically,
· Less DL resources are required for CSI measurements,
· Less UL resources are required for CSI reporting,
· UE complexity and UE battery consumption is reduced, and
· Better performance is expected even if channel variations are fast.

Proposal 1: Identify and specify CSI enhancements based on Doppler compression for UE mobility (e.g. V2X and train) for moderate and high speed scenarios.
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